Introduction
Chlorinated hydrocarbons are widely used in industry and exposure of the human population to these compounds may therefore occur in the workplace or environmentally through the contamination of air or water. There is evidence that some of these chemicals are rodent carcinogens and may thus present a carcinogenic hazard to humans.
An elevated frequency of spontaneous abortions in employees in the dry-cleaning industry was reported by the UK Health and Safety Executive (HSE, 1987 (HSE, , 1991 . The primary solvent used in the dry-cleaning process is the chlorinated hydrocarbon tetrachloroethylene. There is (to date) no direct evidence to suggest a causal relationship, but in view of the high frequency of chromosomal abnormalities, particularly numerical aberrations, observed in spontaneous abortions (COM, 1989) , it is important to establish whether chlorinated solvents such as tetrachloroethylene have genotoxic or aneugenic properties.
The majority of chemical carcinogens require metabolic biotransformation to produce their ultimate genotoxic metabolite(s). Metabolic activation and detoxification takes place via the phase I and phase II enzyme systems located primarily in the mammalian liver. Rodent liver microsomal preparations (S9) have been used extensively for in vitro genotoxicity testing in order to mimic this biotransformation process (as reviewed by Scott et al, 1991) . However, S9 preparations are toxic to mammalian cell cultures, thus their use is limited to exposure times which are only a small fraction of the cell cycle. False negative results may be obtained if reactive metabolites are unable to penetrate the cell membrane or have short half-lives. In addition, the distribution of enzyme activities is influenced by the choice of inducing agent. For example, the most commonly used agents, (J-naphthoflavone and phenobarbitone, induce isoenzymes from the cytochrome P450 1A and 2B subfamilies respectively (Tarbit et al, 1994) . CYP2E1 is not induced by these agents but has been identified as the primary catalyst of hydrocarbon bioactivation in mammals, and most likely in humans as well (Raucy, 1993) . This may present a severe limitation for the detection of genotoxicity in vitro and may explain some of the negative results obtained to date.
An alternative to S9 is the use of genetically engineered cells which express metabolizing enzymes. Ultimate metabolites are generated endogenously by a defined spectrum of enzymes, and exposure periods may be extended from short pulse treatments to continuous exposures lasting the duration of the cell cycle. This is particularly important for the detection of compounds whose effects are specific to a particular stage of the cell cycle, e.g. aneugens (Parry and Sors, 1993) .
A number of mammalian cell lines have been described which stably express cDNAs encoding biotransformation enzymes (reviewed by Langenbach et al., 1992) . Genetically engineered Chinese hamster and human lymphoblastoid cell lines have been employed as target cells for the detection of clastogenic and aneugenic metabolites produced from indirectacting compounds (Ellard et al, 1991; Crofton-Sleigh et al, 1993) .
The cell lines used in the present study were (i) AHH-1 Tk+/-, the parental human B lymphoblastoid line which has a low level of native CYP1A1 activity; (ii) h2El, which has native CYP1A1 activity and cDNA-expressed human CYP2E1; and (iii) MCL-5, which contains cDNAs for the human cytochromes 1A2.2A6, 3A4, 2E1 and microsomal epoxide hydrolase, in addition to its elevated native CYP1A1 activity (Crespi et al, 1991) .
The cytochalasin B micronucleus assay (Fenech and Morley, 1985) can be employed to enumerate micronuclei in binucleate cells which have undergone a single nuclear division. Micronuclei may originate from chromosome/ chromatid fragments or from whole chromosomes which lag at anaphase. The in vitro micronucleus assay may therefore be used to assess the induction of both structural and numerical aberrations. When increases in micronucleus frequencies occur they may be investigated further by immunofluorescent labelling of kinetochore proteins in order to discriminate aneugenic and clastogenic mechanisms (Thompson and Perry, 1988) . However, the kinetochore proteins may themselves be the targets of some aneugenic agents (Brinkley et al., 1985) ; thus the direct visualization of centromeric DNA sequences by fluorescence in situ hybridization was utilized to confirm kinetochore-negative (K-ve) responses as being due to a clastogenic product. The proportion of binucleate cells provides an estimate of the nuclear cell division index and thus a measure of toxicity.
In this study the induction of micronuclei by a group of chlorinated hydrocarbons was assessed in the three metabolically competent cell lines AHH-1, h2El and MCL-5, and the nature of the response elucidated by indirect immunofluorescent labelling of kinetochore proteins. The compounds were selected initially by Drs Crebelli and Benigni (Rome) as part of a collaborative European Union study. The quantity of toxicological information available regarding these chemicals varies considerably, from no information about 2,3-dichlorobutane to well characterized metabolic pathways for tetrachloroethylene and carbon tetrachloride.
Materials and methods

Cell lines
AHH-1, MCL-5 and h2El cell lines were provided by the Gentest Corporation (Wobum, MA). The AHH-1 cell line is a human B lymphoblastoid Tk+/-line with native CYP1A1 activity. The MCL-5 cell line was produced by transfection of L3 cells [AHH-1-derived cells which possess elevated CYP1AI activity (Davies et al., 1989) ] with cDNAs encoding four human cytochrome P450 isoenzymes and microsomal epoxide hydrolase (Crespi et al., 1991) . The cDNAs are contained on two independent expression vectors, pME23 and pH441, which contain the OriP sequence from Epstein-Barr virus and are maintained as extrachromosomal plasmids at ~5 and 40 copies per cell respectively. pME23 incorporates cDNAs for human CYP1A1, 2A6, mEH and a selective marker for hygromycin B resistance. pH441 contains cDNAs for human CYP2E1 and 3A4 (two transcriptional units are present to increase expression) and confers resistance to l-histidinol. The h2El cell line contains the pH441 vector with a cDNA for human CYP2EI.
Cell culture AHH-1 cells were routinely grown in 50 ml RPMI 1640 medium (Gibco BRL) supplemented with 9% horse serum (Sera Labs) in 80 cm 2 tissue culture flasks. MCL-5 cells were grown in RPMI 1640 without histidine but containing L-histidinol (2 mM) and 9% horse serum (both from Gentest Corporation) supplemented at each passage by hygromycin-B (200 Hg/ml in 0.035 M acetic acid). h2El cells were grown in RPMI 1640 containing L-histidinol and 9% horse serum. The cell density was maintained at lO^XlO 6 cells/ml as recommended by Crespi et al. (1991) . All of the cell lines were cultured for a maximum of 5 weeks in order to maintain a stable karyotype.
Chemicals
Hexachloroethane, 1,2-dichloroethane, 1-chlorohexane, 1,2-dichloroethylene, 1,3-dichIoropropane, 1,23-trichloropropane, carbon tetrachloride, 1,1,3-trichloropropene, 1,1,2-trichloroethane and 2,3-dichlorobutane were a kind gift from Dr R.Crebelli (Rome). Methylene chloride, tetrachloroethylene, toluene, n-hexane and 1,1,1-trichloroethane were purchased from Sigma.
Micronucleus assay
Due to the relative insolubilities of the test compounds, a stock solution was prepared in growth medium (in 500 ml glass bottles) at the top concentration to be tested and placed in a 37°C shaking incubator overnight This stock solution was then diluted appropriately into 50 ml glass vials. Exponentially growing human lymphoblastoid cells (5X10 6 ) and cytochalasin B (Sigma; final concentration 3 |ig/ml) were then added to 10 ml medium containing the test compound. Duplicate cultures were incubated for approximately one cell cycle (18 h for AHH-1, 24 h for MCL-5 and h2El) at 37°C. The test chemical and cytochalasin B were removed by washing and cell aliquots (100-200 p.1) were cytocentrifuged (Shandon Cytospin, 129 g for 8 min) onto slides which were briefly air-dried before fixation in prc-chilled 90% methanol at -20°C. The slides were then stained with 20% Giemsa and a duplicate set of slides stored at -20°C for kinetochorc labelling and in situ hybridization with a pan-centromeric DNA probe.
Kinetochore labelling Indirect immunofluorescent labelling of kinetochore proteins was performed as described by Ellard et al. (1991) . Briefly, anti-kinetochore antibody (Quadratech) was diluted 1:1 with phosphate-buffered saline (PBS) and applied to slides which were incubated at 37°C for 45 min in a humidified chamber. Unbound antibody was removed by thorough washing, fluorescein isothiocyanate-conjugated goat anti-human IgG (Sigma) diluted 1:15 with PBS was added and the slides incubated for a further 45 min at 37°C. The slides were washed before staining the nuclei with Hoechst 33258 (0.5 ng/ ml) and cytoplasm with primulin (3.2 |ig/ml) before mounting in 1:1 glycerol:McIlvaine's buffer + 2% n-propylgallate antifade.
Fluorescence in situ hybridization with a pan-centromeric-satellite DNA probe Slides were treated with RNase (Sigma type III-A; 100 u.g/ml in 2X SSC) for 1 h at 37°C, dehydrated through an ethanol series and air-dried before denaturation at 70°C in 70% formamide/2X SSC for 2 min. The slides were dehydrated through a pre-chilled (to -20°C) ethanol series and air-dried prior to the addition of 10 \i\ denatured (at 85°C for 10 min) biotinylated pan-centromeric DNA probe (Cambio). Following overnight hybridization at 37°C, slides were washed in 50% formamide/2X SSC at 37°C, then 2X SSC. Centromeric DNA signals were detected by the application of Texas Red-avidin (Vector) and the nuclei were counterstained with DAPI.
Slide scoring and statistical analysis
One thousand binucleate cells per culture (2000 per dose) were examined for the presence of micronuclei on Giemsa-stained, coded slides. The y} test (with 99% confidence limits) was used to compare treated cultures with controls. Positive responses were further investigated by kinetochore labelling and, when appropriate, fluorescence in situ hybridization with a pan-centromeric DNA probe.
Results
These data obtained from evaluating the ability of each test chemical to induce micronuclei in the binucleate cell assay in the human lymphoblastoid cell lines AHH-1, MCL-5 and h2El using Giemsa staining are shown in Table Ii -xv. The relative toxicity of each chemical is illustrated by the proportion of binucleate (those that complete nuclear division) and mono nucleate (those that fail to complete nuclear division) cells. Table I also contains information on the frequencies of cells that contain more than two nuclei (cells which continue nuclear division) and the frequencies of micronuclei present in the binucleate cell population. For all the compounds we also evaluated the relative proportions of kinetochore-positive (K+ve) and K-ve micronuclei over the dose range which produced a 50% greater reduction in binucleate cell frequency than the control values. Replicate experiments to determine the frequencies of K+ve, K-ve and total micronuclei formed are shown in Figures 1-14 . A summary of these data and the relative proportions of K+ve and K-ve micronuclei along with the lowest significant dose of induction of these micronuclei are shown in Table II. The results obtained for each test chemical are discussed here with reference to the data presented in Table I and the kinetochore-labelled replicate experiment. The significant induction of micronuclei referred to within Results and Discussion are significance in the x 2 test at the 99% confidence limit. The data presented in Table I were for the Giesma-scored slides, not the kinetochore-labelled slides (as were those are presented in Figures 1-14) , and the data for these are lodged with the Mutagenesis archive as raw data (Table HI) .
Hexachloroethane (Table I) At doses of ^0.1 mM the chemical failed to produce any statistically significant increase in micronucleated cells in any of the cell lines, although toxicity was observed from 0.05 to 0.1 mM. 1,2-Dichloroethane (Figure 1 ) Dose-related significant increases in micronucleated cells were observed between 0 and 5 mM in the AHH-1, MCL-5 and h2El cell lines and the micronuclei produced were predominantly K-ve. Micronuclei observed in MCL-5 cells treated with 5 mM 1,2-dichloroethane were also negative when tested with a pan-centromeric DNA probe. l-Chlorohexane (Figure 2 ) At doses between 0 and 10 mM, 1-chlorohexane produced significant increases (3-fold) in the number of micronuclei in all three cell lines. The induced micronuclei were classified as kinetochore-and centromere-negative. 1,2-Dichloroethylene (Figure 3) 1,2-Dichloroethylene produced a significant increase in micronuclei at doses between 0 and 10 mM in the AHH-1 and h2El cell lines. The micronuclei contained approximately equal frequencies of both K+ve and K-ve signals. At doses up to and including 10 mM no significant increases in micronuclei were observed in the MCL-5 cell line.
1,3-Dichloropropane (Figure 4)
At doses of 0-10 mM there were statistically significant increases in micronuclei of 5-fold in both the AHH-1 and h2El cell lines. Kinetochore staining and in situ hybridization indicated that the micronuclei produced were predominantly kinetochore-and centromere-negative. Up to and including 10 mM no significant increases in micronuclei were observed in the MCL-5 cell line. 1,1,1-Trichloroethane ( Figure 5 ) 1,1,1-Trichloroethane produced a significant increase in micronuclei of 5-fold in the AHH-1 and h2El cell lines, and both K+ve and K-ve micronuclei were induced. The MCL-5 cell line produced a lower (3-fold) increase in micronuclei. Kinetochore labelling indicated the induction of both K+ve and K-ve micronuclei. 1,2,3-Trichloropropane (Figure 6 ) 1,2,3-Trichloropropane produced 8-fold induction of micronuclei between 0 and 5 mM in the AHH-1 and h2El cell lines. The majority of micronuclei stained negatively with the kinetochore antibody. 1,2,3-Trichloropropane produced a lower but significant induction of micronuclei in the MCL-5 cell line (4-fold). Kinetochore labelling indicated that both K+ve and K-ve micronuclei were produced. Methylene chloride (Figure 7 ) Exposure of MCL-5 and h2El cells to methylene chloride resulted in statistically significant dose responses of a similar magnitude (3-fold at the top dose). Kinetochore staining indicated a similar induction of K+ve and K-ve micronuclei. A statistically significant induction of micronuclei was not observed in treated AHH-1 cultures. Carbon tetrachloride (Figure 8 ) Carbon tetrachloride induced a statistically significant, doserelated increase in binucleate cells containing micronuclei between 0 and 10 mM in both the h2El and MCL-5 cell lines. The 10 mM dose produced 5-and 9-fold increases in micronucleated cells in the h2El and MCL-5 lines respectively, with an increase mostly in K+ve micronuclei. In the AHH-1 cell line there was no statistically significant induction of micronuclei. 1,1,3-Trichloropropene (Figure 9 ) The MCL-5 and h2El cell lines showed dose-related increases in micronuclei, of 7-and 9-fold respectively, with 1,1,3-trichloropropene. Both K-ve and K+ve micronuclei were induced. In the AHH-1 cell line 1,1,3-trichloropropene did not produce a statistically significant induction of micronuclei. Tetrachloroethylene (Figure 10 ) Tetrachloroethylene induced a 3-fold increase in micronucleated cells at 5 mM in the AHH-1 cell line. These micronuclei were predominantly K+ve. The MCL-5 and h2El cell lines showed dose-related, statistically significant, 9-fold increases in micronuclei up to 5 mM. Kinetochore labelling showed increases in both K+ve and K-ve micronuclei. Toluene (Figure 11 ) The AHH-1 cell line showed a statistically significant increase in micronuclei of 2-fold up to 5 mM. The increase observed was relatively small compared with the MCL-5 and h2El cell lines, where increases in micronuclei induction of 7-fold were observed at doses up to 5 mM. Kinetochore labelling and in situ hybridization demonstrated an increase in the proportion of kinetochore-and centromere-negative micronuclei in both the MCL-5 and h2El cell lines. 1,1,2-Trichloroethane (Figure 12 ) 1,1,2-Trichloroethane produced statistically significant, doserelated increases in micronucleated cells in the h2El and MCL-5 cell lines of 3.5-and 4-fold respectively. Kinetochore staining of micronuclei showed dose-related increases in K+ve signals in both the MCL-5 and h2El cell lines. The AHH-1 cell line failed to show a statistically significant induction of micronuclei. (Figure 13 ) 2,3-Dichlorobutane induced dose-related, ~5-fold increases in micronuclei in the MCL-5 and h2El cell lines at doses up to 10 mM. A dose-related increase in the frequency of K+ve micronuclei was seen in both cell lines. Exposure of AHH-1 cultures to 2,3-dichlorobutane did not elicit a statistically significant induction of micronuclei.
2,3-Dichlorobutane
n-Hexane (Figure 14)
Exposure of AHH-1 cultures to n-hexane resulted in a statistically significant increase in micronuclei (2-fold), including both K+ve and K-ve micronuclei. In the MCL-5 and h2El cell lines a 7-fold dose-related increase in micronuclei was observed at the top dose tested (2.5 mM). The majority of these micronuclei exhibited kinetochore signals.
Discussion
In this study we have evaluated the genotoxic potential of a panel of chlorinated hydrocarbons using the binucleate cell micronucleus assay in three cell lines of varying metabolic activity. The ability of the human lymphoblastoid cell line MCL-5 to express the primary pro-carcinogen-activating CYP450 enzymes has been demonstrated in mutagenicity assays at the hprt and tk loci with known pro-carcinogens (Crespi et al, 1991) . The suitability of the MCL-5 cells for detecting micronucleus induction produced by known pro- Table II .
However, hexachloroethane was found to be carcinogenic to mice and male F344/N rats (NTP, 1983) . This indicates a non-genotoxic mechanism of action not dependent upon the induction of damage to DNA or the cell division apparatus. The COMPACT approach for predicting chemical reactivity identified hexachloroethane as a likely substrate of CYP2E1 (Lewis et al., 1993) . This prediction on the basis of structural and molecular properties is doubtful, since the genotoxic response observed in the CYP2El-expressing cell lines was no greater than that seen in the AHH-1 parental strain. 
Group B
In this group there was a similar induction of micronuclei in all three cell lines. 1,2-Dichloroethane and 1-chlorohexane induced micronuclei with a similar significant induction of K-ve micronuclei in the AHH-1, MCL-5 and h2El cell lines. 1,2-Dichloroethane has a structural alert, was positive in a Salmonella assay, and was carcinogenic in mice and rats at various sites in both sexes (Ashby and Tennant, 1988) . Crespi et al. (1985) demonstrated the induction of gene mutations in the AHH-1 cell line with 1,2-dichloroethane, and Crebelli and co-workers (1992) have shown the induction of aneuploidy as defined by mitotic malsegregation in Aspergillus nidulans. 1-Chlorohexane was negative for mitotic malsegregation in A.nidulans (Crebelli et al, 1992) ; this was only toxicological datum that was found following extensive database searches. 
Group C
Chemicals in this group showed reduced genotoxicity in the MCL-5 cell line. 1,2-Dichloroethylene and 1,3-dichloropropane both produced an increase in K+ve and K-ve micronuclei in the AHH-1 and h2El cell lines. This was possibly a direct-acting genotoxic effect without the need for metabolic activation, although metabolism other than via the MCL-5 inserted CYP450 is possible. However, the two chemicals produced no significant induction of micronuclei in the the MCL-5 cell line, presumably due to the production of a metabolite that was less genotoxic than the parental compounds.
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1,2-Dichloroethylene was positive for aneuploidy induction in A.nidulans (Crebelli et al, 1992) , but no other toxicological information was found.
1,3-Dichloropropane was negative for aneuploidy induction in A.nidulans (Crebelli et al., 1992) , negative in the SOS Chromo test but positive in Salmonella tests (Van der Hude et al, 1988) . 1,3-Dichloropropane is a metabolite of 1,2,3-trichloropropane (Weber and Sipes, 1992) , which is described below in Group D. and h2El. 1,1,1-Trichloroethane and 1,2,3-trichloropropane produced similar increases in micronuclei in the AHH-1 and h2El cell lines. Both K+ve and K-ve micronuclei were induced. These data indicated a direct-acting effect without the requirement for metabolic activation. The chemicals produced a lower but significant induction of micronuclei in the MCL-5 cell line, which indicated the production in the MCL-5 cells of a metabolite that was less genotoxic than the parental compounds. Therefore, the deactivation was only partial and genotoxic damage may occur before the compound is deactivated, or the metabolite produced is a less potent inducer of micronuclei. 1,1,1-Trichoroethane, the solvent commonly found in correction fluids, is known to be less toxic than the 1,1,2 isomers but environmental releases are higher due to emissions during its use and disposal (EPA, 1982) . The lower toxicity of the 1,1,1-trichloroethane isomer could be due to the production of a less toxic metabolite such as that generated by the MCL-5 cell line. The compound is primarily excreted unchanged in mammals but metabolites identified include trichloroethanol and trichloroacetic acid (EPA, 1984; Kawai et al, 1991; Durk et al, 1992) . The principal toxicological effect is acute suppression of the central nervous system (HSE, 1984; Ferincola et al., 1991) . 1,1,1-Trichloroethane is mutagenic in Salmonella assays (IARC, 1979) and inhibits the production of CYP2E1. 1,2,3-Trichloropropane was positive in the Salmonella assays both in the absence (Van der Hude et al, 1988) and presence of S9 (Ratpan and Plaumann, 1985; Mahmood et al, 1988) .
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Mahmood and co-workers (1988) reported an increased incidence of tumours in both sexes of rats and mice. 1,2,3-Trichloropropane has been shown to be activated to 1,3-dichloroacetone in the presence of microsomal fractions, and CYPl A1 and 1A2 can reduce this metabolism by 50% (Weber and Sipes, 1992) . The deactivation that occurs in the MCL-5 cell line of the direct-acting compound was probably due to the CYP1A2 present in the MCL-5 cells. The CYP1A1 constirutively present in all three cell lines, though at higher levels in the MCL-5 cells, could also be involved. 1,3-Dichloroacetone is known to be capable of protein binding (Weber and Sipes, 1992) , hence this direct-acting mutagen could be responsible for the clastogenic damage seen in the AHH-1 and h2El cell lines.
Group E
The chemicals in this group, methylene chloride, carbon tetrachloride and 1,1,3-trichloropropene, showed an induction of micronuclei in the metabolically competent cell lines that was not observed in the parental cell line AHH-1. The mutagenic metabolite produced in the MCL-5 and h2El cell lines may occur via the CYP2E1 pathway present in both cell lines. Although there is extensive information regarding the genotoxicity and metabolism of methylene chloride and carbon tetrachloride, only limited data were available regarding the toxicology of 1,1,3-trichloropropene. Methylene chloride is known to be metabolized via two pathways-one glutathione-5-transferase (GST>dependent and the other catalysed via CYP2E1 (Pankow and Jagielki, 1993) . Graves and co-workers (1994) reported that glutathione is involved in the activation of methylene chloride to a bacterial mutagen, and induces single-strand DNA breaks in hepatocytes from treated rats and mice, though this damage was reduced when glutathione was blocked. IARC (1987) reported that methylene chloride induced tumours in rats and mice of both sexes. Cytochrome P450 metabolism occurs via oxidative dehalogenation, producing formyl chloride which decomposes to give chloride ions and carbon monoxide (Kubic and Anders, 1975) . The metabolite produced in the MCL-5 and h2El cells caused increases in both K+ve and K-ve micronuclei. These results indicate that the cytochrome P450 pathway may produce both aneugenic and clastogenic metabolites. The ECETOC working group (1989) concluded that the carcinogenic effect in mice was associated with high rates of metabolism through the GST pathway. We speculate that a CYP450 pathway exists, which in these cells produces a genotoxic metabolite in addition to those produced in vivo by mice in the GST pathway. This could indicate a species difference in metabolism or a shortlived metabolite. Carbon tetrachloride was positive for aneuploidy induction in A.nidulans (Crebelli et aL, 1988) . It was shown to be carcinogenic in rats and mice in several studies and negative in bacterial assays (HSE, 1991) . Carbon tetrachloride is also known to be catalysed by CYP2E1 (Guengerich et aL, 1991) , and the main metabolites detected following human exposure were carbon dioxide and chloroform. The metabolite produced in the MCL-5 and h2El cell lines induced K-ve micronuclei, which suggests that the CYP2E1 present in both cell lines may produce a clastogenic metabolite.
For 1,1,3-trichoropropene, the only toxicological information available was a positive result for aneuploidy induction in A.nidulans (Crebelli et aL, 1992) and its mutagenicity in the presence of S9 in the Salmonella assay (Neudecker et aL, 1986) . The CYP2E1 present in both the MCL-5 and h2El cell lines may have produced metabolites that induced both K+ve and K-ve micronuclei resulting from interactions with both cell division targets and DNA targets, thus producing aneugenic and clastogenic damage. Group F The chemicals in this group, tetrachloroethylene and toluene, produced increased genotoxicity in metabolically competent cells when compared with the parental cell line. In the AHH-1 cell line a significant induction of micronuclei was observed which was 2-fold less than that seen in the MCL-5 and h2El cell lines at the same concentrations. The metabolite(s) produced in the MCL-5 and h2El cell lines were more genotoxic to the cells and may be bioactivated via the CYP2E1 enzyme pathway which was present in both these cell lines.
Tetrachloroethylene is the primary solvent used in the drycleaning industry with considerable potential human exposure. Tetrachloroethylene was negative in Salmonella assays (Haworth et aL, 1983) and in mammalian cells (McGregor et aL, 1988) , but was carcinogenic in rodents and induced mononuclear cell leukaemia in rats (US Public Health Report, 1990) . There exists considerable information of possible metabolic pathways, but the main metabolites detected following human exposure are trichloroacetic acid and dichloroacetic acid. Trichloroacetic acid is a known perisome proliferator and a non-genotoxic carcinogen in rodents. Central nervous system effects are the most common effects following human exposure and an increased frequency of spontaneous abortions among dry-cleaning workers has been recorded (HSE, 1987) . The AHH-1 cell line showed an induction of both K+ve and K-ve micronuclei, but the CYP2E1 in the other cell lines produces a more genotoxic metabolite, again comprising both K+ve and K-ve micronuclei. The non-genotoxic carcinogen trichloroacetic acid could be the metabolite produced by the MCL-5 and h2El cell lines which resulted in the predominantly aneugenic response.
Toluene is used in the production of explosives and dyes, and as a solvent in paints and lacquers. It is commonly found mixed with n-hexane as an adhesive for shoes and bags. CYP2E1 is known to be involved in its metabolism, though toluene itself inhibits CYP2E1 activity in rats (Gut et aL, 1993) . In contrast, Nakajima and Wang (1994) report that CYP2E1 was induced by toluene in adult male rats. In humans, 80% of absorbed toluene is converted to benzyl alcohol by the CYP450 isozymes. CYP2E1 contributes to this formation, the final excretory product being hippuric acid, which is found in urine (Kawamoto et aL, 1993; Nakajima and Wang, 1994) . There is little evidence of carcinogenic properties, though toluene may block mitosis and produces neurotoxic effects (Liang et aL, 1983) . In the AHH-1 cells there was a significant and possibly direct-acting induction of micronuclei, but CYP2E1 could be responsible for the production of more genotoxic metabolites in the MCL-5 and h2El cell lines which induced both K+ve and K-ve micronuclei.
Group G
The three chemicals in this group (1,1,2-trichloroethane, 2,3-dichlorobutane and n-hexane) produced increased aneugenic activity only in the metabolically competent cell lines, nHexane in the AHH-1 cell line produced a low but significant level of induction of micronuclei; in comparison, that seen in the MCL-5 and h2E 1 cell lines at the same concentrations was considerably higher. In the AHH-1 cell line 1,1,2-trichloroethane and 2,3-dichlorobutane exhibited no significant induction of micronuclei, whereas in MCL-5 and h2El they may have produced metabolite(s) that were more genotoxic to the cells and were possibily metabolized via the CYP2E1 enzyme pathway present in both cell lines. The micronuclei produced contained K+ve signals. Therefore, the active metabolite was genotoxic via an aneugenic mechanism.
n-Hexane is used as a solvent for adhesives (Takeuchi et al, 1993) , is present in natural gas and often used in conjunction with toluene. It is rapidly absorbed through the lungs and exposure amongst shoeworkers was demonstrated by the presence of the main metabolite 2,5-hexanedione (Cardona et al, 1993; Mutti et al, 1993) . 2,5-Hexanedione forms both pyrole adducts and cross-links with tubulin, slowing microtubule transport (Redenbach et al, 1994) . There are limited animal toxicity data available on n-hexane. In the AHH-1 cell line, n-hexane produced a significant induction of both K+ve and K-ve micronuclei, suggesting some possible direct-acting genotoxicity, though the involvement of the CYP1A1 activity present in all of these cell lines cannot be ruled out. In the MCL-5 and h2El cell lines n-hexane produced an aneugenic metabolite which was probably the 2,5-hexanedione due to its ability to cross-link with tubulin, which would affect spindle separation and therefore lead to the loss of whole chromosomes.
Primary human exposure to 1,1,2-trichloroethane occurs amongst blast furnace and steelmill workers, and also in telecommunications and scientific equipment manufacture. The US National Toxicology Program (reported in Ashby and Tennant, 1988) classification is that of a possible human carcinogen, due to the hepatocellular carcinomas found in treated male and female mice, but not in rats. The urinary metabolites detected following exposure to 1,1,2-trichloroethane are trichloroethanol and chloroacetic acid (Dceda and Ohtsuji, 1971) , and the main observations in man are central nervous system effects (EPA, 1982) . The production in the MCL-5 and H2E1 cell lines of an aneugenic metabolite could be associated with the central nervous system effects observed in man if the metabolite affects tubulin, i.e. spindle fibres and neuro tubules.
For 2,3-dichlorobutane limited toxicological information is available; the only testing reported was a negative result for the induction of aneuploidy in A.nidulans (Crebelli etal, 1992) .
The possible production of genotoxic metabolites may not reflect the in vivo situation in humans but it could facilitate the elucidation of metabolic pathways, and therefore risk limiting and/or enhancing factors. These cell lines cannot be used as surrogates for metabolism studies because vital factors such as polymorphic expression, inducibility of enzymes and interaction of combined exposures would be missing. CYP2E1 is known to be inducibile and polymorphically expressed in the human population (Kato et al, 1994; Stevens et al, 1994) . Though combined exposures have not been investigated in this study, mention should be made of the interaction of toluene and n-hexane, which are frequently used together and thus exposure in vivo is often simultaneous. Toluene is known to inhibit CYP2E1 and as such may prevent the metabolism of n-hexane (Takeuchi et al, 1993) .
In conclusion, we demonstrate aneugenic species that are most conceivably the result of metabolic activation in metabolically competent cell lines, from the parental compounds 2,3-dichlorobutane and 1,1,2-trichloroethane. These two metabolism-dependent chemical aneugens may prove to be valuable tools in the development of aneugenic test systems, as previously used test chemical packages have been based upon the use of direct-acting chemicals (see Parry and Sors, 1993) . We would also consider that 2,3-dichlorobutane and 1,1,2-trichloroethane should be priority chemicals for the evaluation of their germ cell activity.
The methodology used here has shown the in vitro production of micronuclei, which may indicate the ability of these metabolically competent cell lines to express CYP450s in vitro and metabolize halogenated hydrocarbons to genotoxic species, including both clastogens and aneugens. The metabolic activations were probably due to the presence in the metabolically competent cell lines of CYP2E1, a known primary catalyst of halogenated hydrocarbons. The strains have proved to be a useful in vitro tool in the identification of potential genotoxins and as such can provide useful information as part of a battery of in vitro tests.
